Focus of this study has been placed on the effect of boehmite impregnation methods at densification on tribological and mechanical behavior of friction materials. Experimental results indicate that open porosity decreases with the numbers of impregnation cycle. Both bulk density and flexural strength increase with the numbers of impregnation cycle. The friction coefficient and the mass loss of the impregnated specimen is shown more stable and lower than that of the green specimen. Morphological observations show that the number of open pores for these materials decreases but they exhibit a denser and smoother morphology as the number of impregnation cycle increases. Furthermore, as the number of densification cycle increase, the friction behavior of impregnated specimens becomes more sensitive to the presentation of -Al 2 O 3 particles. Therefore, the friction coefficient of specimens becomes higher but more unstable; in the mean time, the mass loss becomes larger.
Introduction
The automotive friction lining currently applied in the disc brake systems of heavier vehicles has been developed for use against cast iron rotors. The lining composed of fibrous reinforcement, internal lubricant, and friction modifier are usually bound with by phenolic resins. 1, 2) It must be noted that high performance friction material must possess stable friction and low wear under varying operating speeds, applied loads, temperature, and environment. For low wear properties, a brake lining should be tough, heat-resistant, and has predictable thermal degradation behavior.
3) When an organic friction material is subjected to high temperature, the normal low-temperature coefficient of friction decreases temporarily resulting in a phenomenon called ''fade''. 1, [3] [4] [5] [6] For the purpose of safety, an automotive friction material should be light, resist to high temperature, and absorb enough friction energy. 3) Boehmite (-AlOOH), a monohydroxy aluminium oxide, is one of the candidate precursor materials for fine grained low temperature alumina ceramics. This material decomposes to form polycrystalline -Al 2 O 3 upon heating above 450 C. [7] [8] [9] [10] At high temperature, -Al 2 O 3 undergoes a series of polymorphic phase transformations from a highly disordered cubic close packed lattice to a more ordered cubic close packed -Al 2 O 3 . When heated to $1200 C, -Al 2 O 3 undergoes a reconstructive transformation by nucleation and growth, where the oxygen atoms rearrange into a hexagonal close packed structure to form a thermo-dynamically stable -Al 2 O 3 phase. 11, 12) The present work, we studied the tribological and mechanical behavior of friction materials with different boehmite impregnation cycles.
Experimental and Methods
2.1 Sample preparation 2.1.1 Green specimens Table 1 lists compositions of these materials prepared for this study. PAN-based continuous fibers with high modulus were chopped into 3 mm fibers with an aspect ratio larger than 100 to fabricate the composites. All raw material powders were mixed and press-molded at 180 C under a unidirectional pressure of 500 MPa to make round disks of 25.4 mm in diameter and 10 mm in thickness. These as-cured composites were then heat-treated at the rate of 3 C/min to 750 C under a nitrogen atmosphere to make green specimens. 
Densification
The green specimens were densified by vacuum impregnation process using liquid boehmite as the impregnant. The green (undensified) specimens were placed in a stainless steel vacuum chamber. After the chamber was evacuated, the liquid boehmite was filled into the chamber. The impregnated specimens were then placed into the oven set at 80 C for 4 hours to remove the excess solvent. The impregnation-drying cycle of each individual specimen was varied experimentally in this study. The sintering process was conducted followed by the impregnation-drying procedure in the furnace at 700 C for 30 minutes under a nitrogen atmosphere.
Characterization 2.2.1 Density and porosity
The densities and open porosities of the fabricated specimens before and after different impregnation cycles were measured by the water immersion method according to the ASTM C-20.
Hardness
Hardness values of all specimens were determined at HRR levels by a hardness test machine (Akashi, ATK-600, Japan). The used indenter was a 12.7 mm spherical steel ball and the testing position was along the radial direction.
Flexural strength
Based on the ASTM F-417 method, the flexural strength was determined using three-point bending test on the Instron test machine (Shimadzu, AGS-500A, Japan) with the crosshead speed 8:3 Â 10 À4 mm/s. The cross-section of the specimen bar was 3 mm Â 3 mm and the length of the support span is 30 mm. The flexural strength of the specimens is calculated according to the equation:
where P is the maximum load, L is the length of support span, W and T are the width and the thickness of the specimens, respectively.
Friction and wear tests
Friction and wear tests were conducted using a homemade disc-on-disc sliding wear tester, as schematically shown in Fig. 1 . A fixed load of 1.2 MPa, constant rotor speed of 1000 rpm (linear speed is 0.66 m/s), and testing time of 600 s (sliding distance is 396 m) were used. The square-shaped (32 mm Â 32 mm) counterface material is as-cast FC30 iron (the rotor material). Prior to testing, all specimens were mechanically polished through a level of #1200 grit paper, followed by ultrasonic cleaning and drying. The typical relative humidity level under which tests were carried out was in the range of 50-70%. A strain gage-equipped LRK-100K load cell (NTS Technology, Nara, Japan) was used to determine the friction coefficient. Since the rotor and the stator were always of identical material, the weight losses from both discs were measured and averaged for each run.
Microstructure
A Hitachi S-2500 (Tokyo, Japan) scanning electron microscope (SEM) was used to examine the morphologies and worn surface of these friction materials. Figure 2 shows the dependence of density and porosity on numbers of impregnation cycles. As expected, the open porosity decreased and bulk density increased as the number of impregnation cycles increased. It is noted that the open porosity decreased obviously after the first impregnation cycle. The porosity dropped from 37.8 vol% to 30.3 vol% and the density rose from 2.2 g/cm 3 up to 2.46 g/cm 3 after four impregnation cycles. 
Results and Discussion

Density and porosity
Mechanical properties
As shown in Fig. 3 and Fig. 4 , the average hardness and the flexural strength of specimens increased as the number of impregnation cycle increased. The enhancement in mechanical properties apparently is associated with the reduction in porosity after the densification cycle. It is also noted that the hardness and the flexural strength increase with the impregnation cycle but both seem less sensitive to the number of impregnation cycle at higher impregnation cycle. This behavior can be realized that the more voids closure would cause the lower impregnation efficiency since not many voids would available.
Friction
Typical time course of the friction coefficient in response to numbers of impregnation cycles under the same load (1.2 MPa) and speed (1000 rpm) are shown in Fig. 5 . For the green specimen (Fig. 5(a) ), the friction coefficient rose with the sliding time and reached 0.52 until the end of the test. For specimens with one impregnation cycle (Fig. 5(b) ), the friction coefficient rose slowly toward a steady value of about 0.3. In comparison with the green specimen, the friction coefficient of specimens with one impregnation cycle material was lower but more stable. As the number of impregnation cycle increased (Figs. 5(c)-(e) ), the friction coefficient gradually increased to a higher value at the same sliding time period. Among those impregnated specimens, the specimen after the fourth impregnation cycle material had Hardness (HRR) Impregnation Cycles the highest friction coefficient and the most unstable performance during the wear test. Interpretation of these friction coefficient variations from the process point of view will be attempted in a later section.
Wear
The mass loss of the specimens with different number impregnation cycles was compared in Fig. 6 . In general, the mass loss of the impregnated specimen was much lower than that of the green specimens. The mass loss of these materials was directly related to it's friction coefficient curve. The smoother and lower the friction coefficient curve was, the lower the mass loss was. Among those impregnated specimens, the green specimen had the largest mass loss (8.98 g). A noticeable reduction in mass loss can be detected in impregnated specimens. However, it should be noted that the mass loss increases with the number of impregnation cycle. This observation implies that though the boehmite impregnation process could improve the tribological and the mechanical performance of friction materials, too many impregnation cycles would result in higher mass loss. The reason for this is probably that the larger number of impregnation cycle of the friction material, the higher amount of -Al 2 O 3 on the surface of the impregnated specimen was produced from boehmite. The -Al 2 O 3 particle with higher density and hardness on the sliding surface was more easily to break loose during the wear test; consequently, the friction coefficient become unsteady and the mass loss to increase. This phenomenon will be discussed in the following section. Figure 7 shows the surface morphology of specimens with different number of impregnation cycles. As indicated by arrow signs in Fig. 7(a) , many voids or cracks resulting from the decomposition and thermal shrinkage of polymeric matrix after heat treatment can be observed in the green specimen. These cracks and voids were believed to be the primary densification path for the boehmite impregnant to infiltrate into the specimen. After the first impregnation cycle, most of small voids were filled with boehmite, but the larger voids were still recognizable ( Fig. 7(b) ). According to the SEM observations (Figs. 7(c)-(e) ), the open pores decreased as the impregnation progressed. Some -Al 2 O 3 particles as indicated in Fig. 7 were formed on the surface, which exhibited a dense morphology. These results might explain the change of porosity and density in Fig. 2 . Figure 8 shows the worn surface morphology of the friction materials with various number of impregnation cycles after experiencing a wear test (1.2 MPa, 300 s at a constant speed of 1000 rpm). As shown in Fig. 8(a) , the worn surface of the green specimen exhibited a severe damaged, rough and random morphology. Pores, cracks and broken fibers were generated during the wear test and existed throughout the specimen. The worn surface as shown in Fig.  8(a) was responsible for the high and unstable friction coefficient curve as indicated in Fig. 5 and the large mass loss during the wear process. As shown in Figs. 8(b) -(e), worn surfaces of impregnated specimens exhibited remarkably different morphologies from those observed on the green specimen. On the worn surface of the material with one impregnation cycle, some smooth adherent films and a more stable surface was observed, though a few cracks and small pores were also formed ( Fig. 8(b) ). As the number of densification cycle increased, more -Al 2 O 3 particles were presented on the worn surface accompanied with a higher friction coefficient. Based upon our experimental results, we concluded that the tribological performance of impregnated specimens is more stable than that of the green (undensified) specimen. In addition, too many number of impregnation cycles would cause a more unsteady and higher friction coefficient and a larger wear as well, since the friction behavior of specimens is sensitive to the presentation ofAl 2 O 3 particles. sensitive to the presentation of -Al 2 O 3 particles; hence, resulted in the more unsteady and higher friction coefficient and a larger wear as well.
Surface morphology
Conclusion
